Introduction: Fasting increases myocardial glycogen content and has been shown to limit injury and improve recovery following no-flow ischemia in the isolated heart. However, the protective role of glycogen loading per se in fed animals has been questioned by data in preconditioned animals showing that reduced glycogenolysis may be protective prior to no-flow ischemia. Therefore, we hypothesized that fasting protects the globally ischemic heart by mechanisms separate from glycogen loading. Methods: Isolated hearts from rats fasted for 24 h were retrogradely perfused using glucose substrate and subjected to 20 min of global no-flow ischemia. Fed rats Ž . were identically perfused either under control conditions glucose substrate or with an intervention chosen to increase tissue glycogen Ž w x . Ž . glucose plus insulin, insulin prior to ischemia. Functional recovery and creatine kinase CK release were measured during reperfusion. Nuclear magnetic resonance spectroscopy was used to measure intracellular pH, phosphorylated glycolytic intermediates and high-energy phosphates, while the lactate and pyruvate contents of the hearts were measured prior to and at the end of ischemia. Results: Hearts from Ž fasted animals had significantly increased glycogen content prior to ischemia 76.6 " 2 vs. 40.9 " 3 mmol glurgdw in control hearts, . Ž . P -0.05 as did hearts exposed to insulin 88.6 " 10 mmol glurgdw , but only hearts from fasted animals had greater glycogen Ž . utilization during ischemia. Hearts from fasted animals also had lower levels of lactate relative to pyruvate LrP under baseline Ž . conditions and, on reperfusion, reduced CK release fasted: 183 " 48 versus control: 756 " 56 IUrgdw, P -0.05 . Conversely, insulin Ž . hearts had increased CK release 1831 " 190 IUrgdw, P -0.001 vs control and worse functional and metabolic recovery on reperfusion. Compared to the insulin hearts, hearts from fasted animals had both less acidosis and less rapid depletion of ATP during ischemia, as well as lower accumulation of glycolytic intermediates. Conclusion: Fasting protects the heart from ischemic injury and is associated with a lower LrP ratio and increased glycogen utilization during ischemia. In contrast, increasing glycogen content in hearts from fed animals using insulin limits glycogen utilization, increases ischemic injury, and impairs both functional and metabolic recovery under conditions of 20 min of global no-flow ischemia.
Introduction
Myocardial ischemia, and its accompanying loss of oxygen, makes the heart dependent on anaerobic energy Ž . production in order to supply energy ATP for metabolic processes. Anaerobic production of ATP is largely dependent on the availability of adequate substrate for glycolysis, with the ischemic heart accelerating glycogenolysis at the onset of ischemia in order to supply glucose-1-phosw x phate for glycolysis 1 . Increasing glycogen stores may thus provide additional glycolytic substrate both during ischemia as well as upon reperfusion, increase the amount ) Ž .
Ž .
( )content at the end of reperfusion in hearts from fed, but not fasted, animals. Together, these observations have suggested that interventions that increase glycogen prior to no-flow ischemia may be helpful in ameliorating the consequences of severe ischemia by providing additional substrate for ATP production. However, other than one prew x liminary report 10 , there are no published studies in fed animals in which endogenous myocardial glycogen was increased and a protective effect demonstrated during noflow ischemia. In contrast, studies of low-flow ischemia or w x hypoxia 4,11-13 have shown protective effects using interventions that are known to increase glycogen prior to ischemia. Notably, all these studies used conditions in which flow was maintained in the myocardium, thus en-Ž abling some washout of catabolites such as protons and . lactate that accumulate during no-flow ischemia.
Theoretically, under conditions of no-flow ischemia, increased glycogen could be detrimental, resulting in an increase in glycolytic end-products which have been shown to diminish functional recovery of the ischemic heart after w x reperfusion 14 . The postulate that increased glycogen is protective during no-flow ischemia is further questioned by studies showing that glycogen depletion limits acidosis w x during ischemia, 15,16 and is correlated with reduced infarct size in models of ischemic preconditioning in which w x glycogenolysis is reduced 16, 17 . The potential benefit of glycogen depletion would be to limit proton production and the resultant secondary increases in intracellular sodium w x and calcium, hence limiting ischemic injury 18 . Together, these theoretical considerations and findings with glycogen depletion suggest that increasing glycogen content could have deleterious, rather than protective, effects on myocardial tolerance to no-flow ischemia in fed animals.
A potential difference between fasted and fed animals is Ž q . a lower cytosolic redox state NADHrNAD in fasted animals. The redox state can profoundly influence the rate of glycolysis by inhibiting key regulatory enzymes such as Ž . glyceraldehyde-3-phosphate dehydrogenase GAPDH w x 19,20 . A lower redox state in hearts from fasted animals would result in less inhibition of GAPDH, increased gly-Ž . colysis but not necessarily glucose oxidation , increased glycogen utilization, less accumulation of glycolytic intermediates, and greater anaerobic ATP production. The cytosolic redox state is reflected in the ratio of lactate to Ž . pyruvate LrP assuming equilibrium of the enzyme, lac-Ž . tate dehydrogenase LDH .
Therefore, the purpose of this study was to determine the functional and metabolic response to no-flow ischemia in fasted rat hearts and compare this response to hearts w x from fed animals under control conditions control and Ž w x. using an intervention glucose plus insulin insulin to increase glycogen content equivalent to fasted animals prior to ischemia. These experiments were designed to Ž . definitively test the hypotheses that: a glycogen loading provided protection during global no-flow ischemia in Ž . hearts from fasted, but not fed, animals, and b this protection was secondary to increased glycogen utilization in fasted animals with a lower redox state. An isolated rat heart preparation was employed, with nuclear magnetic resonance spectroscopy used to non-invasively determine intracellular phosphate compounds and pH. These measurements were coupled with measurement of creatine kinase release to determine infarct size as well as measurement of glycogen content immediately prior to, and at the end of, the ischemic period and the LrP ratio prior to ischemia.
Methods
All experiments were performed with the approval of the University of California Davis Animal Research Committee.
Isolated heart preparation
Experiments were performed using an isovolumic isolated rat heart preparation. Non-fasted male Sprague-Daw-Ž . ley rats approx 350 g were fed with Purina Rodent Chow and water ad libitum. Fasted rats were fed identically, but the chow was removed from their cages 24 h before the experimental protocol; water ad libitum was available to the rats until the experiments. For the experimental proto-Ž . col, animals were pretreated with heparin 1000 U, i.p. , Ž . followed by sodium pentobarbital 65 mgrkg i.p. . After deep anesthesia was achieved and determined by the absence of a foot reflex, the heart was rapidly excised and placed into iced saline. The arrested heart was retrogradely perfused through the aorta within 2 min. Left ventricular pressure was determined using a latex balloon placed in the left ventricle with high pressure tubing connected to a pressure transducer. Perfusion pressure was monitored using high pressure tubing off the perfusion line. the standard substrate being 11 mM glucose. The perfusion apparatus was temperature-controlled, with heated baths used for the perfusate and for the water jacketing around the perfusion tubing to maintain heart temperature at 37 " 0.58C under all conditions. Oxygen was directly bubbled in the perfusate container and also in the heating chambers immediately proximal to the heart using gas-permeable tubing.
Phosphorus-31 spectroscopy
All spectroscopy was performed on a GE Omega 300 vertical bore spectrometer using a dual tuned probe. After ( )standard tuning, matching, and shimming on the water signal, phosphorus-31 spectroscopy was performed using 224 acquisitions of a 608 pulse and 1.2 s interpulse delay, with spectra processed using an exponential multiplication of 10 Hz and manual phasing. Each time point was therefore acquired over approximately 5 min. Peak intensi-Ž . ties areas were determined using spectrometer software. Intracellular pH was determined from the chemical shift of the inorganic phosphate resonance using a titration curve Ž . established in this laboratory. Phosphocreatine PCr and Ž . adenosine triphosphate ATP were referenced to their control value determined in duplicate at the start of the experiment and are expressed as a fraction of baseline.
Measurement of creatine kinase

Ž .
Measurement of creatine kinase CK was measured from timed 5 min collections of the effluent for 60 min of reperfusion following the ischemic period. This extended period of collection was employed because prior experiments showed that, in control hearts, CK release was maximal after approximately 30 min of reperfusion and w x was stabilized by 60 min 16 . Each 5 min collection was analyzed in duplicate using established spectrophotometric w x methods. 21 Total integrated CK activity over the reperfusion period was calculated for each heart and corrected for dry weight of the heart. CK release was expressed in IUrg dry weight.
Measurement of glycogen
Glycogen content prior to ischemia was measured from parallel experiments in separate hearts. A total of 32 hearts were perfused using the same apparatus as for the NMR experiments. Following each intervention, hearts in each group were rapidly freeze-clamped using custom aluminum tongs at the time when ischemia would be insti-Ž . tuted n s 4-6 and at the end of the 20 min ischemic Ž . period n s 4-6 . Tissue was assayed for glycogen content w x using a spectrophotometric method 22 . Glycogen content is expressed as mmol glucose equivalents per gram dry Ž . weight mmol-glurgdw .
Measurement of lactate and pyruÕate
Tissue lactate and pyruvate were measured from parallel experiments in separate hearts. Five to 9 hearts in each group were perfused using the same apparatus as for the NMR experiments and rapidly freeze-clamped using custom aluminum tongs at the time when ischemia would be instituted and at the end of the 20 min ischemic period. Tissue was assayed for lactate and pyruvate content using w x a spectrophotometric method 23 . In addition, the effluent was collected in duplicate prior to ischemia and was immediately treated with perchloric acid and measured for w x lactate content 24 . Hearts were dried and weighed after the experiments and lactate release was expressed as Ž . m molrmlrg dry weight mmolrmlrgdw .
Statistical analysis
Statistical analysis was performed using INSTAT soft-Ž . ware GraphPad, San Diego, CA operating on a personal computer. Differences between the same measurements at different time points or between variables in all 3 groups were assessed using ANOVA, with subsequent StudentNewman-Keuls post-tests. Differences between 2 groups or measurements in one group at 2 times was assessed using Student's t-tests. A P-value of less than 0.05 was used to reject the null hypothesis. All data are expressed as mean " s.e.m.
Protocols
Three groups of hearts were studied with different preparation periods after stabilization in the magnet. All hearts were perfused at a flow rate of 12.5 mlrmin prior to w x and following ischemia. Fasted rat hearts fasted and w x control fed rats control were perfused for 40 min with Ž . glucose 11 mM as the only substrate. The fed hearts in which glycogen was increased were perfused for 40 min Ž . Ž . w x with glucose 11 mM plus insulin 40 Url insulin . In each group, the preparation period was followed by 20 min of total global ischemia followed by 60 min of reperfusion. In order to eliminate the effects of different reperfusion substrates, all groups were reperfused under identical conditions using 11 mM glucose without insulin. For the spectroscopy experiments, 8 hearts were studied under control conditions, and 6 hearts under the other conditions.
Results
Glycogen content
Compared to control hearts, hearts from fasted animals had significantly increased glycogen content prior to is-Ž . chemia, as did insulin hearts Fig. 1 . Despite the similarities in pre-ischemic glycogen content, hearts from fasted animals had significantly lower glycogen content at the end of 20 min of ischemia compared to the insulin hearts. These changes in pre-ischemic and end-ischemic glycogen resulted in marked differences in glycogen utilization during ischemia, with hearts from fasted animals using almost Ž 4 times as much glycogen 61.3 mmol-glurgdw, P -. Ž 0.0001, end-ischemia vs baseline as control hearts 16.2 . mmol-glurgdw, P s 0.02 . Insulin hearts did not have Ž significant utilization of glycogen during ischemia 7.7
. mmol-glurgdw, P s n.s. .
Tissue lactate and pyruÕate
As shown in Table 1 , hearts from fasted animals had a lower LrP ratio under baseline conditions than either the . End-ischemia in the 3 experimental groups. Baseline glycogen content was higher in the fasted and insulin hearts than the control hearts Ž )
. P -0.05 , while end-ischemic glycogen content was lower in the Ž q . control and fasted hearts P -0.05 . The differences resulted in maximal glycogen utilization in the hearts from fasted animals.
control or insulin hearts. Compared to hearts from control animals with equivalent lactate content, tissue pyruvate was higher in hearts from fasted animals. The insulintreated hearts had higher levels of both lactate and pyruvate than the control hearts, resulting in an LrP ratio that was not different from control.
The values of tissue lactate were similar in all groups at the end of ischemia, although when compared only to either control or fasted hearts, lactate content was significantly higher in the insulin hearts. Although the tissue level of pyruvate was not significantly lower in the insulin Ž . hearts than the other groups P s 0.06 , the insulin hearts had a significantly greater LrP ratio. Despite a lower LrP ratio in the fasted hearts under baseline conditions, the LrP ratio at the end of ischemia was similar in the fasted and control hearts.
Lactate release
Compared to hearts from control animals, lactate release prior to ischemia was increased in the insulin hearts Žinsulin 4.37 " 0.45 vs control 2.61 " 0.27
. mmolrminrgdw, P -0.05 but unchanged in the fasted Ž . hearts 3.79 " 0.76 mmolrminrgdw . These findings, coupled with the tissue lactate measurements, are consistent with the known effects of insulin increasing glycolysis w x under aerobic conditions 25 . In addition, the similar tissue lactate content and lactate release in the hearts from fasted compared to control animals indicates that, under baseline conditions, glycolysis was not altered by fasting.
Ischemic injury
Ž . Creatine kinase CK release was reduced in hearts from fasted animals when compared to control hearts Žfasted 183 " 48 versus control 756 " 56 IUrgdw, P -. 0.05 ; conversely, insulin hearts had greater CK release on Ž reperfusion 1831 " 190 IUrgdw, P -0.001 vs control . and fasted .
Function
Heart rates were similar in the 3 experimental groups Ž immediately prior to ischemia fasted 267 " 14 beatsrmin, . control 277 " 11, and insulin 287 " 13 . Left ventricular Ž . developed pressure LVDP and end-diastolic pressure Ž . Ž EDP were equal in all groups during baseline pre-. Ž . ischemic conditions Table 2 Concurrent with the greatest recovery of developed pressure on reperfusion, the hearts from fasted animals had a marked reduction in EDP on reperfusion. Given constant flow conditions during reperfusion, the reduced EDP on reperfusion therefore reflected decreased coronary vascular resistance in the hearts from fasted animals. Control 93"11 0 11"6 1 1 " 6 Insulin 76"11 2"1 0 0 LVDP increased progressively in the hearts from fasted animals during reperfusion, although recovery in the fasted hearts was significantly greater than the control hearts only at 10 min of reperfusion. a P -0.05 fasted compared to control and insulin hearts.
b P -0.05 fasted and control compared to insulin hearts.
Spectroscopy
Intracellular pH
Intracellular pH was similar between groups under base-Ž . line conditions Table 3 . The fall in pH during ischemia was similar between groups, as was the pH at the end of the ischemic period. However, when compared only to the insulin hearts with equivalent glycogen content, hearts from fasted animals had significantly higher pH after 15 and 20 min of ischemia. Upon reperfusion with glucose substrate, intracellular pH recovered in all hearts to preischemic levels within 5 min.
Phosphate compounds
The ratio of PCrrATP, not corrected for partial saturation, was similar among groups under baseline conditions Žfasted 2.03 " 0.08, glucose 1.79 " 0.08, and insulin 1.86 . " 0.14 . Ž . Phosphocreatine PCr fell rapidly and equally in each group, with the level of PCr becoming absent by 15 min of ischemia. Reperfusion caused a rapid but only partial Ž . return of PCr in all groups within 5 min Fig. 3 , although Ž the fasted and control hearts had significantly higher P -. Ž 0.05 PCr at this time point than the insulin hearts fasted . 0.62 " 0.07, glucose 0.55 " 0.05, and insulin 0.13 " 0.03 . As the reperfusion period continued, PCr in the fasted hearts remained significantly higher than the insulin hearts. Ž . Fig. 2 . Left ventricular end-diastolic pressure EDP in cmH O as a 2 function of time for the 3 groups. Data points are given for every 5 min Ž . starting prior to ischemia, during ischemia t s 0-20 min and 3 reperfu-Ž Ž . sion time points immediately after reperfusion t s 25 and 30 and at the Ž . end of the reperfusion period t s80 . Insulin hearts had significantly lower end-diastolic pressures than both control and fasted hearts after 10 Ž a . min of ischemia P -0.05 . However, end-diastolic pressure was significantly lower in the hearts from fasted animals than both the control Ž .Ž . and insulin hearts after 10 min of reperfusion t s 30 min P -0.05 .
In contrast, there was a progressive reduction of PCr in the control hearts, such that PCr was greater in fasted hearts than the control hearts after 40 min of reperfusion.
Ž . Adenosine triphosphate ATP content was similar between groups at the onset of ischemia, with similar rates of Ž . depletion during the first 10 min of ischemia Fig. 4 . When compared to other groups, the insulin hearts had significantly lower levels of ATP at 10 min of ischemia Ž . P-0.05 , while the hearts from fasted animals had greater levels of ATP than the insulin hearts after 15 min of Ž . ischemia P -0.05 . Although end-ischemic ATP levels were similar, reperfusion resulted in significantly greater recovery of ATP after 5 min of reperfusion in the hearts Ž from fasted animals compared to all other groups P -. 0.05 . There was no significant recovery of ATP in the insulin hearts. Thus, metabolic recovery during reperfusion was significantly greater in the fasted than the hearts perfused with insulin, manifest primarily by greater recov- Intracellular pH was higher in the fasted hearts than the insulin hearts in the later ischemic period, although there were no significant differences in pH between fasted and control hearts. a P -0.05 fasted compared to insulin. Fig. 3 . Changes in phosphocreatine PCr during the ischemic period and reperfusion as a fraction of baseline for the 3 groups. PCr fell rapidly during ischemia in all groups. PCr recovery was greatest in the hearts from fasted animals, followed by the control perfused hearts, and was lowest in the insulin hearts. There were no significant differences between control and fasted hearts by ANOVA. Abbreviations same as in Fig. 1 . ) P -0.05, control and fasted greater than insulin.
q P -0.05, fasted greater than insulin ery of PCr. Conversely, despite the marked reduction in infarct size in the hearts from fasted animals, metabolic recovery was only marginally improved compared to control animals.
Ž
. Fig. 4 . Changes in adenosine triphosphate ATP during the ischemic period and reperfusion as a fraction of baseline for the 3 groups. ATP was higher in the fasted and control hearts than the insulin hearts after 10 min Ž ) . of ischemia and after 10 min of reperfusion P -0.05 . ATP was higher in the hearts from fasted animals than the insulin hearts after 15 Ž q . min of ischemia P -0.05 . Reperfusion resulted in an increase of ATP in the hearts from fasted animals, with significantly higher levels of ATP in the hearts from fasted animals than the control or insulin hearts Ž .Ž @ . after 5 min of reperfusion t s 25 P -0.01 . Although ATP levels slowly fell throughout reperfusion in all the groups, higher levels of ATP persisted for 50 min of reperfusion in both the fasted and control hearts, resulting in significantly higher levels of ATP in the fasted and control Ž ) hearts compared to the insulin hearts after 10 min of reperfusion P -. 0.05 .
Ž . Phosphomonoesters:
The phosphomonoester PME resonances at the end of ischemia were defined as a fraction of the Pi resonance at the end of ischemia Ž . PMErP . PME resonances in the hearts from fasted i Ž . animals 0.24 " 0.02 were significantly lower than those Ž . Ž in the control 0.45 " 0.06 or insulin hearts 0.43 " 0.05, . P -0.05 . These results are consistent with prior experiments showing that interventions that reduce ischemic w x injury are characterized by lower PME resonances 24 .
Discussion
ProtectiÕe effect of fasting
This study has confirmed the previously reported protective effect of fasting on myocardial performance, metabolism and injury following global no-flow ischemia w x 7-9 . As in the present study, fasting in those experiments increased cardiac glycogen content in rat hearts prior to ischemia. Following 15 min of global ischemia and 30 min of reperfusion, hearts from fasted rats had a shorter time to return of function following reperfusion and reduced enzyme markers of cellular injury, as well as higher adenine Ž nucleotide content at the end of ischemia primarily ATP . and ADP . These prior experiments also showed that recovery in the hearts from fasted animals was related to post-ischemic glycogen levels and preservation of the glucose metabolic rate, suggesting that the increased glycogen content in these hearts was protective.
The role of glycogen in ischemia
Glycogen has been shown to be a primary substrate of w x the heart during ischemia 26 , with increased glycogen stores prior to ischemia postulated to provide increased substrate for glycolysis during ischemia. The role of increasing glycogen prior to or during low-flow ischemia or hypoxia has been examined indirectly using interventions such as infusion of glucose and insulin to increase glyw x colytic substrate 3,4,11,27 or reserpine to increase glycow x gen content 11 . While these studies have generally established an important protective role for glycolytic substrate under low-flow conditions, contrasting data showing worse functional recovery on reperfusion have also been observed in glycogen-loaded compared to glucose-perfused w x hearts 13 .
Furthermore, while fasting has been shown to protect w x the ischemic heart 7-9 , the evidence supporting a protective role for increased glycogen content in fed animals under no-flow conditions of global ischemia is scarce, with one published study and one abstract in the literature w x showing a beneficial effect 10,28 . In concordance with the present data, glycogen breakdown during ischemia in w x one preliminary study 10 was significantly lower in the insulin-treated hearts than the control hearts, showing that ( )insulin limited glycogenolysis during ischemia. In addition, inhibition of the glycogen debranching enzyme, 1,6-amyloglucosidase, limited functional recovery in both the control and lactate hearts, but not in the insulin hearts, consistent with a protective effect of glycogenolysis. Despite this evidence of a protective effect of increased glycogen in hearts from fed animals, there is a theoretical basis for the postulate that increased substrate supply provided by glycogen may injure the myocardium by worsening acidosis and increasing lactate accumulation under no-flow conditions, thus countering any beneficial effects of increased ATP production from anaerobic glyw x colysis 19 . Combined with data that reduced glycogenolysis is associated with protection from global ischemia w x 17 , the precise benefit of increased glycogen content in the absence of fasting is unclear.
The present data show that, in contrast to hearts from fasted animals with increased glycogen content, increasing glycogen content in hearts from fed animals worsened the metabolic and functional response to no-flow ischemia. This impaired response to ischemia in the fed animals was Ž associated with accumulation of phosphomonoesters as . indicated by increased PMErP ratios and, compared to i hearts from fasted animals, greater acidosis and more rapid ATP depletion during ischemia. Since earlier studies showed a protective effect of glycogen loading with shorter w x w x 10 or less severe 28 ischemic stress, the finding of worse recovery in the glycogen-loaded fed animals may be due to a deleterious effect only under more severe or prolonged ischemic conditions.
One explanation for the differences between hearts from fed and fasted animals is the greater glycogen utilization in the hearts from fasted animals than either of the fed animal groups, suggesting an important protective role of glycogen utilization during ischemia. The precise mechanism for the protection of increased glycogen utilization is unknown. Although glycogen may have particular benefit in providing substrate for ATPases such as the SR Ca 2q ATPase and maintaining calcium homeostasis during isw x chemia 29,30 , the benefit of increased glycogenolysis may simply be due to the greater amount of ATP produced w x from glycogen than from glucose 31
Regulation of glycogenolysis
Potential regulatory mechanisms of glycogenolysis include the cascade from receptor stimulation to activation of cAMP and cyclic-AMP-dependent phosphorylase kinase, calcium stimulation of phosphorylase kinase b, as w x well as inhibition of protein phosphatase-1 31,32 . In Ž q . addition, the lower LrP ratio and hence NADHrNAD in the hearts from fasted animals may have contributed to increased glycogen utilization, as well as the lower PMErP i ratios, observed in these hearts. Since key glycolytic regulatory enzymes such as glyceraldehyde-3-phosphate dehy-Ž . q w x drogenase GAPDH require NAD 19,20 , a lower LrP ratio would increase flux through glycolysis. Coupled with w x less glucose utilization 9 , this effect on GAPDH could increase glycogenolysis via a reduction in glucose-6-phos-Ž .w x phate G6-P 31 . This postulate is supported by the lower levels of PME's in the hearts from fasted animals, an observation linked to both lower levels of G6-P and rew x duced ischemic injury 16,24 . Conversely, the higher LrP ratio, as seen in the insulin hearts, would limit flux through glycolysis.
Effect of fasting on glycolysis
Despite different levels of glycogen, the similar tissue lactate content and lactate efflux under baseline conditions in the glucose-perfused hearts from fasted and fed animals Ž indicate that glycolysis but not necessarily glucose oxida-. tion was not altered by fasting in the absence of ischemia. The similar levels of tissue lactate at the end of ischemia Ž . Table 1 indicate that the differences in glycogen utilization between hearts from fed and fasted animals were not reflected in differences in lactate accumulation.
In the fed hearts using insulin, lactate release under baseline conditions was greater than the control hearts, consistent with the known effects of insulin stimulating w x glucose uptake and glycolytic flux 33 . As in the control hearts, lower glycogen utilization during ischemia in the insulin hearts did not result in a decrease in tissue lactate accumulation during ischemia. Together, these data suggest that differences in glycogen utilization are not necessarily reflected in conventional measures of glycolysis such as lactate accumulation. While there is no apparent explanation for this discordance, other studies in both fed and fasted animals have shown similar disparities between glycogen utilization and lactate accumulation during isw x chemia 9,34 .
Limitations
While this study has focused on the role of glycogen loading and utilization, there are clearly other mechanisms operative during ischemia and reperfusion in these hearts. For example, the use of insulin to increase glycogen stores in the heart has numerous metabolic effects independent of w x the level of tissue glycogen 33 . Conversely, the effects of fasting are numerous, and the role of glycogen utilization is likely only one factor in the protective mechanism. For example, recent studies have shown that ATP consumption by the mitochondrial F F ATPase can be affected by These experiments used an isovolumic rat heart preparation and, hence, measures of functional recovery may not w x be comparable to previous studies 7-10 using an isolated working heart preparation. However, the findings of greater ) or lesser functional recovery in the different groups of hearts were supported by concordant measurement of creatine kinase release as an indicator of myocardial injury. Thus, the internal consistency of these data strongly supports the protective or deleterious effects of the interventions.
Glycogen, lactate and pyruvate measurements were performed in parallel experiments separate from the other measurements. Thus, it is possible that the degree of glycogen loading was different in these hearts compared to the hearts used in the metabolic and functional experiments. To limit any differences, however, the freeze-clamp hearts used for glycogen measurements were perfused in the same apparatus as used in the NMR experiments and the effect of fasting on glycogen levels was similar to that w x previously seen 5 .
Conclusion
This study tested the hypothesis that glycogen loading in fasted, but not fed, hearts provides protection to the globally ischemic heart under no-flow conditions. In addition to 24-hour fasting, insulin was employed in hearts from fed animals to increase myocardial glycogen stores prior to global ischemia. While fasted rat hearts had less ischemic injury than control fed hearts, high glycogen fed animals treated with insulin had worse metabolic and functional recovery, and increased tissue injury. Hearts from fasted animals had a lower cytosolic LrP ratio, greater glycogen utilization during ischemia, and less accumulation of glycolytic intermediates. These data show that, under conditions of 20 min of global no-flow ischemia, interventions such as fasting that increase glycogen content with a concurrent increase in glycogen utilization are beneficial to the heart. Conversely, increasing glycogen content while limiting glycogen utilization, as in the fed animals treated with insulin, is detrimental to the ischemic heart.
